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Abstract
The genetic etiology of hereditary breast cancer has not been fully elucidated. Although germ-

line mutations of high-penetrance genes such as BRCA1/2 are implicated in development of

hereditary breast cancers, at least half of all breast cancer families are not linked to these

genes. To identify a comprehensive spectrum of genetic factors for hereditary breast cancer

in a Chinese population, we performed an analysis of germline mutations in 2,165 coding

exons of 152 genes associated with hereditary cancer using next-generation sequencing

(NGS) in 99 breast cancer patients from families of cancer patients regardless of cancer

types. Forty-two deleterious germline mutations were identified in 21 genes of 34 patients, in-

cluding 18 (18.2%) BRCA1 or BRCA2mutations, 3 (3%) TP53mutations, 5 (5.1%) DNAmis-

match repair genemutations, 1 (1%) CDH1mutation, 6 (6.1%) Fanconi anemia pathway

genemutations, and 9 (9.1%) mutations in other genes. Of seven patients who carried muta-

tions in more than one gene, 4 were BRCA1/2 mutation carriers, and their average onset age

was much younger than patients with only BRCA1/2 mutations. Almost all identified high-pen-

etrance genemutations in those families fulfill the typical phenotypes of hereditary cancer

syndromes listed in the National Comprehensive Cancer Network (NCCN) guidelines, except

two TP53 and three mismatch repair genemutations. Furthermore, functional studies of

MSH3 germline mutations confirmed the association between MSH3mutation and tumori-

genesis, and segregation analysis suggested antagonism between BRCA1 and MSH3.We

also identified a lot of low-penetrance genemutations. Although the clinical significance of

those newly identified low-penetrance genemutations has not been fully appreciated yet,

PLOS ONE | DOI:10.1371/journal.pone.0125571 April 30, 2015 1 / 20

OPEN ACCESS

Citation: Yang X, Wu J, Lu J, Liu G, Di G, Chen C, et
al. (2015) Identification of a Comprehensive
Spectrum of Genetic Factors for Hereditary Breast
Cancer in a Chinese Population by Next-Generation
Sequencing. PLoS ONE 10(4): e0125571.
doi:10.1371/journal.pone.0125571

Academic Editor: Alvaro Galli, CNR, ITALY

Received: November 23, 2014

Accepted: March 24, 2015

Published: April 30, 2015

Copyright: © 2015 Yang et al. This is an open
access article distributed under the terms of the
Creative Commons Attribution License, which permits
unrestricted use, distribution, and reproduction in any
medium, provided the original author and source are
credited.

Data Availability Statement: All relevant data are
within the paper and its Supporting Information files.

Funding: This work is supported by the Shanghai
Committee of Science and Technology Funds (http://
www.stcsm.gov.cn/) grant 07ZR14025 and
08QA14020. ZH received the funding. The funders
had no role in study design, data collection and
analysis, decision to publish, or preparation of the
manuscript.

Competing Interests: The authors have declared
that no competing interests exist.

http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0125571&domain=pdf
http://creativecommons.org/licenses/by/4.0/
http://www.stcsm.gov.cn/
http://www.stcsm.gov.cn/


these new findings do provide valuable epidemiological information for the future studies. To-

gether, these findings highlight the importance of genetic testing based on NCCN guidelines

and a multi-gene analysis using NGSmay be a supplement to traditional genetic counseling.

Introduction
Germline mutations in BRCA1 (MIM# 113705) and BRCA2 (MIM# 600185) are the most com-
mon cause of hereditary breast cancer, and early diagnosis and preventive interventions have
been confirmed to improve the survival rate of mutation carriers [1]. However, BRCA1 and
BRCA2 germline mutations are present in only half of all families with a strong family history
of breast cancer. Other high-penetrance genes that also play an important role in the genetic
etiology of breast cancer include TP53, PTEN and CDH1 [2–4]. Additionally, germline muta-
tions in many moderate-to-low-penetrance genes can also lead to hereditary breast cancer [5].

In clinical practice, the families of breast cancer probands present with multiple types of ma-
lignant tumors that are not limited to breast and ovarian cancers. Moreover, the correlation be-
tween breast cancer and several other hereditary cancer syndromes remains unclear. Breast
cancer may not represent the primary phenotype of these hereditary cancer syndromes; howev-
er, it occurs frequently [6]. In traditional cancer genetic counseling, prior to genetic testing,
families are divided into different hereditary cancer syndromes based on the characteristics of
the probands and their family history. Subsequently, the related genes are tested to determine
the etiology of the disease. This approach is useful for identifying high-risk populations and
susceptibility genes and for improving detection efficiency; however, some individuals may not
be successfully identified using this method [7, 8]. Currently, a mature genetic counseling sys-
tem in China is not available, and there is a lack of relevant systematic studies.

In recent years, the rapid development of next-generation sequencing (NGS) technologies has
enabled the simultaneous sequencing of multiple genes, and the cost is comparable to that of sin-
gle-gene sequencing using traditional sequencing techniques. Studies have suggested that such
cost-effective approach could be used to the genetic testing and personalized risk assessment for
individuals at high risk of breast cancer [9]. Our study utilized two important approaches. First,
we randomly selected family members of breast cancer probands and did not limit the cancer
types in the family history. Second, we selected 152 genes associated with hereditary cancer and
performed comprehensive testing using NGS. Through these efforts, we aimed to obtain com-
prehensive results regarding the genes for hereditary breast cancer susceptibility in the Chinese
population and to lay a foundation for the development of cancer genetic counseling in China.
The value of NGS applied in genetic counseling also needed to be evaluated.

Materials and Methods

Ethics statement
This study was approved by the Scientific and Ethical Committee of the Shanghai Cancer Cen-
ter, Fudan University. Written informed consent was obtained from all participants.

Patient/Sample Selection
Breast cancer patients were consecutively enrolled after diagnosis at the Shanghai Cancer Cen-
ter of Fudan University from June 2011 to July 2012. To be eligible for the study, the breast can-
cer patients were required to meet one of the following inclusion criteria:
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1. Age younger than or equal to 35 years with at least one other blood relative suffering from
any type of cancer

2. Age older than 35 and younger than or equal to 50 years with�2 blood relatives in the same
lineage suffering from any type of cancer

3. Age older than 50 years with�3 blood relatives in the same lineage suffering from any type
of cancer.

Pedigrees and medical records were collected via questionnaires at study entry. Pathologies
and other medical reports were reviewed for the probands and their blood relatives when avail-
able. For each patient, blood and formalin-fixed paraffin-embedded (FFPE) specimens were
collected from each patient, and samples from relatives of the probands who carried candidate
mutations were obtained when available. Genomic DNA was extracted using a Chemagic
STAR DNA Blood 4k Kit (PerkinElmer, Waltham, Massachusetts, USA) or a QIAamp DNA
FFPE Tissue Kit (Qiagen, Hilden, Germany), according to the manufacturer’s recommended
protocol.

Gene Selection
In total, 152 genes were tested, selected as cancer susceptibility genes based on a PubMed key-
word search of ("Neoplasms” [Mesh] AND “germline mutation”) in 8334 studies published up
to June 2012. Among these genes, 115 are known to be associated with hereditary cancer syn-
dromes. A summary of the genes is provided in S1 Table.

Targeted Capture and Massively Parallel Sequencing
A sample of 3 μg of genomic DNA was fragmented to 150–200 bp using sonication (Covaris
Inc., Woburn, MA), and adapters were subsequently ligated to both ends of the resulting frag-
ments. After purification and amplification, target-region capture was performed using the
pre-designed Human SureSelect XT Custom Kit (700 Kb-34 Mb, Agilent Technologies) ac-
cording to the recommended protocols. Captured libraries were analyzed using an Agilent
2100 Bioanalyzer to estimate the magnitude of enrichment and were sequenced with 90-bp
paired end reads on a HiSeq2000 platform subsequently (Illumina, San Diego, CA, USA). We
independently performed high-throughput sequencing of each captured library to ensure that
each sample met the desired average fold coverage. Coverage was calculated by counting the
number of sequenced bases that mapped to the target regions. Bases mapping to regions within
a 200-bp range of a target were considered “near target”.

Bioinformatic Analysis of DNA Variants
Raw image files were processed using Illumina base-calling software 1.7 with default parameters,
and the sequences for each individual were generated as 90-bp paired-end reads. After filtering,
high-quality reads were aligned to the human genome (GRCH37, UCSC hg19) using the Bur-
rows-Wheeler Aligner program [10]. SAMtools [11] and SOAPsnp [12] were used for the identi-
fication of small insertions or deletions (InDels) and single nucleotide polymorphisms (SNPs),
respectively. SNPs were called using SOAPsnp with options:-r 0.00005-e 0.0001-t-u-L 90-Q L.
Next, filters of quality score (�20), neighbor distance (�5) and depth (�4) were applied to the
SNPs calling results. Finally, ANNOVAR [13] was used for the annotation of InDels and SNPs.

Filtering of Variants
Variants were selected for follow-up when all of the following criteria applied:
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1. Variants were located in the exonic region or were within -2 bp away from an exon/intron
boundary (splicing).

2. Variants were InDels, nonsynonymous (missense or nonsense) or splicing variants.

3. Variants did not occur within the 1000 Genomes (1000G) data with a minor allele frequency
(MAF) greater than 0.01[14].

4. Variants were consistent with the known pattern of inheritance of the respective gene.

If prioritization resulted in a single strong candidate allele (a nonsense or canonical splice
site variant) in a recessively acting gene, a manual literature search was performed to confirm
the pathogenicity of the heterozygous mutation.

Determination of Pathogenicity of Variants
Frameshift InDels, non-frameshift InDels, nonsense mutations, and splicing mutations were
considered to be pathogenic. For missense mutations, we developed a classification system
based on in silico evidence, which contained two different features: (1) missense prediction
software (acting at the amino acid level) and (2) evolutionary conservation (acting at the nucle-
otide level).

1. In the case of missense prediction programs, SIFT [15] and PolyPhen-2 [16] were used. A
variant was considered to be “damaging” when either prediction program predicted it as
“damaging.”

2. For classification based on evolutionary conservation, LJB_PhyloP [17] and LJB_LRT [18]
were used. A variant was considered to be “damaging” when either prediction program pre-
dicted it as “conserved.”

Variants considered to be “damaging” by both classifications (prediction tools and conser-
vation) were predicted as “damaging” and were manually referenced to gene-specific mutation
databases or published studies. Those with clear pathogenic impact, as reported by previous
studies, were selected for further analysis.

Variant Validation and Segregation Analysis
All candidate variants were manually referenced to gene-specific mutation databases or pub-
lished studies and were validated using conventional Sanger sequencing (ABI PRISM 3730XL
Genetic Analyzer). Where available, DNAs from additional family members were sequenced to
enable segregation analysis. The sequencing results were evaluated using Chromas software,
version 2.4.1 (Technelysium Pty Ltd., South Brisbane QLD, Australia).

Functional Studies of MSH3 Germline Mutation
For patients with mutations in the DNA mismatch repair (MMR) geneMSH3, the expression
of Msh3 protein was evaluated by immunohistochemistry (IHC) using an anti-Msh3 rabbit
monoclonal antibody (clone EPPR4334(2); Epitomics, USA) at a dilution of 1:500. The expres-
sion of Msh3 was scored by two specialized pathologists (W.T.Y. and X.Y.Z.) as follows: 0, no
staining; 1+, weak staining; 2+, intermediate staining; and 3+, strong staining. Microsatellite in-
stability (MSI) was determined using fluorescent multiplex PCR of paired normal and tumor
DNA samples by employing the MSI analysis system on an ABI PRISM 3500 Avant Genetic
Analyzer (Applied Biosystems, Carlsbad, California, USA). Fluorescent multiplex PCR was
performed using the RT-PCR Quick Master Mix Kit (Toyobo, Osaka, Japan). Five consensus
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National Cancer Institute (NCI) microsatellite markers (BAT25, BAT26, D2S123, D5S346, and
D17S250), two additional dinucleotide repeat markers (D18S64 and D18S69) and seven elevat-
ed microsatellite alterations at selected tetra-nucleotide repeat (EMAST) markers (MYCL1,
D20S82, D20S85, L17835, D8S321, D9S242 and D19S394) were used. The results were ana-
lyzed by two specialized pathologists (W.T.Y. and X.Y.Z.). The criteria for the determination of
MSI were those described by Haugen et al. [19].

Statistical Analysis
The average age of onset of patients carrying a single BRCA1/2mutation and those carrying
other gene mutations in addition to a BRCA1/2mutation were compared using a t-test. The
analysis was performed using SPSS software, version 19.0 (IBM institute). All P values were
two-sided, and any P value<0.05 was considered significant.

Accession Codes
The GenBank reference sequences used for variant annotation are summarized in S2 Table.
Nucleotide numbering reflects cDNA numbering with +1 corresponding to the A of the ATG
translation initiation codon in the reference sequence. The initiation codon is codon 1.

Results

Patient Characteristics
Of the 3,102 breast cancer patients who underwent surgery in our hospital, 134 met the inclu-
sion criteria. Thirty-five patients refused enrollment, and 99 patients entered the study. These
patients are all independent with no blood relationship. They are recruited from families with
at least 2 relatives suffering from certain type of cancer to ensure that germline mutations, rath-
er than somatic mutations or environmental exposures, are the determinations of cancer. The
characteristics of the 99 probands and their families are presented in Fig 1. Infiltrating ductal
carcinoma was the most prominent histological type and accounted for approximately 92% of
all types. Thirteen patients exhibited bilateral disease, and 11 patients in addition to breast can-
cer also suffered from another malignant tumor. Breast cancer was the most common malig-
nancy within the family history (59.6%). According to the National Comprehensive Cancer
Network (NCCN) guidelines (version 4.2013), 88, 11 and 15 families fulfilled the criteria for
hereditary breast and ovarian cancer syndrome (HBOCS), Li-Fraumeni syndrome (LFS, ac-
cording to classic LFS criteria or Chompret criteria), and Lynch syndrome (LS, according to
the revised Bethesda criteria), respectively.

Mutation Detection and Characterization
A total of 99 breast cancer patients were screened for germline mutations in 2,165 coding
exons of 152 genes. The average sequencing depths of the targeted regions were 93 to 123. Over
98% coverage of the targeted regions was achieved for each proband. The coverage of the tar-
geted exons for the>20× reads ranged from 87.60% to 92.60% and its standard deviations was
0.93%. Thus, the coverage should have been adequate to reliably detect DNA variants within
the majority of the targeted regions. The NGS results, including the number of reads, sample
coverage, and sequencing depth, are summarized in S3 Table. Overall, 4883 InDels and 57377
SNPs were obtained. Systematic filtering of variants was accomplished as described inMateri-
als and Methods and is summarized in Fig 2. A total of 42 putative deleterious germline muta-
tions in 21 genes (Fig 3) were identified in 34 breast cancer patients, including 22 frameshift
InDels, 5 non-frameshift InDels, 8 nonsense mutations, 5 missense mutations and 2 splicing
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mutations. Features of the mutations, family characteristics, segregation analysis and age of di-
agnosis for each of the patients carrying a mutation are provided in Table 1.

Mutation Analyses of BRCA1/2, TP53, andMMRGenes
Eighteen (18.2%) patients were found to carry BRCA1/2 germline mutations (7 in BRCA1 and
11 in BRCA2) (Table 1). Two recurrent mutations, BRCA1 c.5468-1_5474del8 and BRCA2
c.2442delC, were each identified in two unrelated patients. Based on their family history, all pa-
tients with BRCA1/2mutations met the criteria for HBOCS, and these patients accounted for
20.5% (18/88) of the families who fulfilled the HBOCS criteria. The frequency of triple-negative
breast cancer was 71.4% (5/7) in BRCA1mutation carriers and 9.1% (1/11) in BRCA2
mutation carriers.

Three TP53 germline mutations were identified. One was novel and another two were de-
tected within the germline and somatic mutations in the p53 mutation database, respectively
[20] (Table 1). One family with TP53mutation met the criteria for LFS and accounted for 9.1%
of all families who fulfilled the LFS criteria. Two of the carriers were diagnosed with breast

Fig 1. Characteristics of 99 probands and their families, and proportions of probands with germline deleteriousmutations. This figure consisted of
two aspects. The left column presented the overview of characteristics of the 99 probands and their families. It provided the numbers and proportions of each
subgroup. The right color lumps reflected the proportions of probands with different gene mutations in each subgroup. The numbers on the right side of the
color lumps represented the proportions. Proportions of probands with one gene mutation are shown in pure color squares, and proportions of probands with
mutations in two or more genes are shown in two-color squares. Abbreviations and definitions are as follows: HR, hormone receptor; Her-2, human epidermal
growth factor receptor 2; BC, breast cancer; HBOCS, hereditary breast and ovarian cancer syndrome; LFS, Li-Fraumeni syndrome; LS, Lynch syndrome;
FA, Fanconi anemia genes, including RAD50, PALB2, FANCD2, FANCI, SLX4, and RAD51C.MMR, mismatch repair genes, includingMLH1,MLH3, and
MSH3. OTHER, other genes, including RGSL1, CDKN2A, SPINK1, TNFRSF13B, FGFR3,WRN,MUTYH, andCYP17A1.

doi:10.1371/journal.pone.0125571.g001

Genetic Factors of Chinese Hereditary Breast Cancer and NGS

PLOSONE | DOI:10.1371/journal.pone.0125571 April 30, 2015 6 / 20



cancer under the age of 30, and they accounted for 10% (2/20) of all very young (�30 years)
breast cancer patients in our study. One carrier of a TP53mutation whose family history did
not meet the LFS criteria was diagnosed at age 37 and reported a family history of malignant
phyllodes tumor of the breast (PTB). Another TP53mutation carrier whose family met the cri-
teria for LFS also reported a family history of PTB.

Deleterious mutations within theMMR genesMLH1,MLH3, andMSH3 were detected in
five distinct families. Three mutations were novel and two were previously reported (Table 1).
Two families met the criteria for LS and accounted for 13.3% (2/15) of the families fulfilling the
LS criteria.

In summary, all BRCA1/2mutations occurred in patients with a family history of HBOCS,
but two TP53mutations occurred in patients without a family history of LFS, and threeMSH3
mutations occurred in patients without a family history of LS (Table 2).

Mutation Analyses of Other Genes
One deleterious mutation was found in CDH1 and this mutation has been previously reported
(Table 1). The patient carrying the CDH1mutation had infiltrating ductal carcinoma of the
breast, and her two blood relatives in the same lineage were diagnosed with gastric cancer;
however, the histological types of the two gastric cancers were unknown.

Fig 2. Filtering of variants. Detailed procedure was described inMaterials and Methods. The URLs for the locus-specific databases used were as follows:
BRCA1/2, http://research.nhgri.nih.gov/bic/; TP53, http://www-p53.iarc.fr/; DNAMMR genes, http://www.insight-group.org/.

doi:10.1371/journal.pone.0125571.g002
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Six Fanconi anemia (FA) pathway genes were found to carry loss-of-function mutations
(Table 1). These genes were RAD50, PALB2, FANCD2, FANCI, SLX4 and RAD51C. They ac-
counted for 31.6% (6/19) of all of the non-BRCAmutation genes, which confirmed that multi-
ple genes in the FA pathway are associated with breast cancer risk [21].

Nine deleterious mutations were identified in eight other genes (Table 1), RGSL1, CDKN2A,
SPINK1, TNFRSF13B, FGFR3,WRN,MUTYH and CYP17A1. The last three genes exhibit an
autosomal recessive mode of inheritance. Studies have reported that these gene mutations can
also increase the risk of breast cancer or other cancers [22–29].

Patients with Mutations in Two or More Genes
Seven patients were found to carry mutations in two or more genes (20.6%, 7/34). Among
these patients, four were carriers of BRCA1/2mutations. Details about the patients carrying
mutations in two or more genes are provided in Table 3 and Fig 1. In comparison to patients
with single mutations in BRCA1/2, the average age of onset of patients carrying mutations in
other genes in addition to BRCA1/2 was 7 years earlier, regardless of whether the comparison

Fig 3. Number of germline loss-of-functionmutations identified in different genes. Abbreviations: MMR, mismatch repair; FA, Fanconi anemia.

doi:10.1371/journal.pone.0125571.g003
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was made among the probands alone (40.6 years vs. 33.3 years, P = 0.22) or together with
their blood relatives (48.7 years vs. 41.7 years, P = 0.29); however, neither difference reached
significance.

Functional Analysis ofMSH3Germline Mutation and Gene-Gene
Interaction
In total, six paired (normal and tumor) breast tissue samples, one paired colon tissue sample
and one paired ovarian tissue sample from three families withMSH3mutations were available
for MSI and IHC analysis. An analysis of mononucleotide and dinucleotide repeat microsatel-
lite markers identified two MSI-low (MSI-L) cases (25%) and six microsatellite stable (MSS)
cases (75%). Seven of the eight cases exhibited mutations in at least one EMAST locus
(Table 4). Msh3 expression was obviously lost in tumor tissue samples of two patients with
MSH3 mutation (Fig 4 and Table 4) and studies have suggested that deficientMMR protein ex-
pression in tumor tissues were implications for the present ofMMR gene mutations [30].

Moreover, family No. 49 was identified as carrying a singleMSH3 germline mutation, and
the family history manifested as typical LS. A segregation study indicated that this mutation
segregated well with the diseases (Fig 5A). However, family No. 22 was identified as carrying
bothMSH3 and BRCA1 germline mutations, and the family history manifested as typical
HBOCS instead of LS. A segregation study indicated that the BRCA1mutation completely seg-
regated with the disease, whereas theMSH3mutation incompletely segregated with the disease
(Fig 5B).

Discussion
We performed comprehensive analysis of 152 genes associated with hereditary cancer in Chi-
nese families who were at high risk for breast cancer, using targeted capture and NGS. We
identified 34 (34/99, 34.3%) families who carried putative deleterious germline mutations.
BRCA2mutations were more common than BRCA1mutations in our study, which is consis-
tent with other Chinese studies [31, 32]. Two recurrent mutations were separately detected in
two unrelated breast cancer patients in our study, and we have previously reported that the
BRCA1 c.5468-1_5474del8 mutation, together with another recurrent mutation, 1100delAT,
accounted for 34.8% of all BRCA1mutations [33]. The founder effects of these recurrent muta-
tions in BRCA1 and BRCA2 require further investigation.

Two topics regarding TP53 germline mutation detection are currently under debate. First, is
the selection of patients for TP53 mutation analysis effective according to the LFS or the

Table 2. Analysis ofBRCA1/2, TP53, andMMR genemutation carriers fulfilling and not fulfilling the
HBOCS, LFS, and LS criteria according to the NCCN guidelines.

BRCA1/2 TP53 MMR
gene

No. of mutation carriers identified in this study using NGS 18 3 5

No. of mutation carriers fulfilling the HBOCS, LFS or LS criteria* 18 1 2

No. of mutation carriers not fulfilling the HBOCS, LFS or LS
criteria*

0 2 3

Abbreviations: HBOCS, hereditary breast and ovarian cancer syndrome; LFS, Li-Fraumeni syndrome; LS,

Lynch syndrome; NCCN, national comprehensive cancer network; MMR, mismatch repair; and NGS, next-

generation sequencing.
* HBOCS, LFS and LS criteria used were according to the NCCN guidelines (version 4.2013).

doi:10.1371/journal.pone.0125571.t002
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Chompret criteria [34]? According to our results, the TP53mutation detection rates in families
fulfilling the classic LFS and the Chompret criteria were 50% and 9.1%, respectively. Previous
studies have reported that the corresponding TP53mutation detection rates were approximate-
ly 56%-73% and 21%-36%, respectively [2, 35, 36]. More importantly, two of the three families
with a TP53 germline mutation met neither the classic LFS criteria nor the Chompret criteria.
Other studies reported similar findings. Mouchawar et al. examined early-onset breast cancer
patients and found that three of five TP53mutation carriers did not meet the classic LFS or
LFL (Li-Fraumeni-like) syndrome criteria [7]. Second, is it necessary for early-onset (�30
years) breast cancer patients to undergo TP53 gene testing [37]? In a multiethnic Asian cohort,
Lee et al. reported that the frequency of the TP53 germline mutation was approximately 5% in

Table 3. Details of patients carryingmutations in two or more genes.

ID Age dx
(yrs)

Gene Associated syndrome or
diseases

Nucleotide change Protein change Exon FH of cancer and age of
onset (yrs)

7 30 BRCA2 HBOCS c.5699C>G p.S1900* 11 Paternal aunt (Br,57)

FANCD2 FA c.4234_4239delAGTGAG p.
S1412_E1413del

43 Paternal aunt (Lung,58)

Maternal grandfather (Lung,73)

22 37 BRCA1 HBOCS c.2110_2111delAA p.N704Cfs*7 11 Mother (Br,60; Lym,61)

MSH3 LS c.162_179del18AGTGAG p.A57_A62del 1 Maternal aunt (Br,49)

MUTYH FAP2 c.850-2A>G p.? Maternal aunt (Br,34)

Maternal aunt (Br,50)

Maternal grandfather (Br,68)

24 26, 36 BRCA2 HBOCS c.7142delC p.P2381Hfs*13 14 Father (rectum,64)

WRN WS c.4245dupT p.D1416* 35 Paternal aunt (rectum,47)

Paternal grandmother
(stomach,87)

29 39 BRCA1 HBOCS c.5503C>T p.R1835* 24 Sister (Br,36)

TNFRSF13B CVID2 c.102delC p.E36Kfs*48 5 Mother (Bladder,64)

Maternal aunt (Br,54)

75 51 MSH3 LS c.2305delG p.V769* 16 Sister (Br,53)

RGSL1 Br c.1357C>T p.Q453* 6 Father (Liver,51)

Paternal aunt (Br, 75)

Paternal aunt
(Nasopharynx,89)

Paternal uncle
(Nasopharynx,75)

Cousin (Br,57)

77 34 RAD50 Br, ovary c.1291_1295delGAGAT p.E431Kfs*3 9 Sister (Br,32)

CDKN2A Familial melanoma c.480G>A p.W160* 4 Mother (Br,41)

86 52 RAD51C FA c.343dupG p.V115Gfs*24 2 Sister (Br,57)

SLX4 FA c.3583_3585delATT p.I1195del 12 Mother (Ovary,63)

Maternal uncle (Liver,45)

Father (Lym,79)

Paternal aunt (Lung,65)

Grandfather (Stomach,81)

Mutation nomenclature follows the recommended guidelines of the Human Genome Variation Society with the nucleotide numbering based on GenBank

reference sequence indicated by its accession NCBI number. Details were listed in S2 Table. Abbreviations and definitions are as follows: FH, family

history; HBOCS, hereditary breast and ovarian cancer syndrome; Br, breast; FA, Fanconi anemia; Lym, lymphoma; LS, Lynch syndrome; FAP2, familial

adenomatous polyposis, 2; WS, werner syndrome; and CVID2, common variable immune deficiency,2.

doi:10.1371/journal.pone.0125571.t003
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breast cancer patients who were diagnosed at�35 years of age [38]. In an Australian popula-
tion-based cohort, Mouchawar et al. found that 2/52 (4%) of very-early-onset (�30 years)
breast cancer patients who were unselected for family history carried a germline TP53muta-
tion, and 3/42 (7%) of early-onset (31 to 39 years) breast cancer patients with a family history
of breast or ovarian cancer carried a TP53 germline mutation [7]. Our results indicated that
10% (2/20) of very-early-onset (�30 years) breast cancer patients with a family history of can-
cer carried a TP53mutation, which is consistent with the results of Mouchawar et al. Since
2009, the NCCN guidelines have recommended that breast cancer patients who are diagnosed
before the age of 30 and who are BRCA1/2 negative should also be offered genetic counseling
and testing for TP53, in addition to those fulfilling LFS or LFL syndrome criteria. Additionally,
2 of the 99 patients reported a family history of PTB and both carried a TP53 germline muta-
tion. Although PTB is not identified as a component of LFS according to the NCCN guidelines,
Birch et al. [39] have reported that the detection rate of a TP53 germline mutation in families
with PTB was significantly high, which is consistent with our findings.

In the Chinese population, nearly all of the pathogenic mutations in LS families were identi-
fied in commonMMR genes (MSH2,MLH1 andMSH6) [40], which is different from that
identified in our study. This difference may be attributed to the fact that, in current clinical
practice,MSH3 andMLH3 are not routinely tested in patients suspected of having LS, but we
conducted a comprehensive examination of multiple genes and obtained different results. The

Fig 4. Expression of Msh3 protein in normal and tumor tissues ofMSH3mutation carriers. Arrows indicate the location of the expression of Msh3
protein. A, the normal ovarian tissue of the proband from family No. 49. B, the ovarian tumor tissue of the proband from family No. 49. The loss of Msh3
expression was observed in the tumor tissue. C, the normal breast tissue of the sister of the proband from family No. 75. D, the breast tumor tissue of the
sister of the proband from family No. 75. Msh3 is expressed strongly in the normal tissue and weakly in the tumor tissue.

doi:10.1371/journal.pone.0125571.g004
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association betweenMLH3 germline mutation and LS has been confirmed [41]. Meanwhile, it
has been reported thatMSH3 deficiency is associated with EMAST and with low levels of insta-
bility at dinucleotide repeat loci [19], andMSH3 deficiency may elevate susceptibility to certain
neoplastic diseases and contribute to tumor initiation [42, 43]. In our study, anMSH3 germline
mutation was related to EMAST and MSI-L at dinucleotide repeat loci (Table 4), which is con-
sistent with previous studies [19]. Moreover, we identified a typical LS family with anMSH3
germline mutation, and segregation analysis indicated that this mutation segregated well with
the familial diseases. Therefore, our findings suggested the association betweenMSH3 germline
mutation and LS. In our study, the mutation detection rate of commonMMR genes in families
fulfilling the revised Bethesda guidelines was 6.7% (MLH1: 1/15). In Western studies with large
sample sizes, the corresponding common MMR gene mutation detection rate was only 2.5%-
3.8% [44, 45]. Moreover, three (60%) of fiveMMR gene mutations were identified in patients
who did not fulfill the revised Bethesda guidelines. Hampel and colleagues also found that ap-
proximately 28% of LS cases did not fulfill the revised Bethesda guidelines [8]. Although these

Fig 5. Pedigrees and results of segregation studies of family No. 49 and family No. 22. Subjects with cancers are indicated with solid symbols. Sites of
cancer are breast (BC), ovary (OC), rectum (RC), colon (CC), and lymphoma (Lym). Ages under symbols indicate age at cancer diagnosis. Probands are
indicated with arrows. Individuals having the gene mutation were indicated asM/w, and those not having such gene mutation were indicated asw/w. A, the
pedigree and results of segregation analysis of family No. 49. B, the pedigree and results of segregation analysis of family No. 22.

doi:10.1371/journal.pone.0125571.g005
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guidelines, which were introduced in 2002, are more sensitive than the Amsterdam criteria in
identifying individuals who are at risk for LS [46], the revised Bethesda guidelines still miss
carriers.

A missense mutation c.1296 C>G (N432K) in CDH1 was detected in 1 of these 99 patients.
This germline mutation has been previously reported in gastric cancer [47]. It can generate the
E-cadherin exon9-skipping and was supposed to be a disease-causing mutation. The CDH1
gene appears to be rare in Chinese with breast cancer. Zhu et al. [48] found no germline disease
associated mutations in a patient with familial diffuse gastric cancer and lobular breast cancer.
More research is required in order to describe the role of CDH1 mutations in Chinese at high
risk of breast cancer.

Except for BRCA1/2, FA pathway-related genes accounted for 28.6% (6/21) of the remain-
ing genes containing loss-of-function mutations in our study. However, to date, three FA genes
(FANCD1, FANCN, FANCJ) have been shown to be bona fide breast cancer susceptibility
genes. The sequencing of DNA from members of families with heightened breast cancer risk
has not revealed mutations in other FA genes [49]. It is unclear why some FA gene mutations
impose a higher risk of cancer than others. We also detected heterozygous germline mutations
in three genes that follow an autosomal recessive mode of pathogenesis, which includeWRN,
MUTYH, and CYP17A1. It is generally believed that recessive genes are not pathogenic in het-
erozygotes. However, some studies have reported that heterozygous mutations of certain genes
are associated with increased cancer risk. Wang et al. [27] reported the association of aWRN
heterozygous mutation with breast cancer susceptibility in Chinese women. Nielsen et al. ob-
served a significantly increased risk of breast cancer in femaleMUTYH associated polyposis
coli patients [28]. Hopper et al. [29] detected a deleterious CYP17A1 germline mutation, p.
R239X, in three sisters with early-onset breast cancer, and the breast cancer risk associated
with this mutation has been reported to be more than 20 times the population incidence.

A high proportion (20.6%, 7/34) of patients carrying mutations in two or more genes was
detected in our study. Walsh et al. stated that a single deleterious mutation in any one of the
breast cancer susceptibility genes is sufficient to significantly increase breast cancer risk [5].
However, different findings have emerged as high-throughput sequencing technology has in-
creased in popularity. Whole-exome sequencing studies conducted in BRCA1/2-negative famil-
ial breast cancer patients revealed that each sequenced individual harbored as many as 35
deleterious germline mutations on average [50]. Due to the difficulty inherent in functional
studies, determining which mutations are pathogenic is problematic. In our study, all the tested
genes are hereditary cancer susceptibility genes, therefore, their germline mutations can be
considered more relevant to breast cancer risk. However, the analysis of gene-gene interactions
is also complex. Currently, there are few systematic studies of gene-gene interactions among
breast cancer susceptibility genes. Lavie et al. [51] reported that when compared to those carry-
ing a single BRCA1 or BRCA2mutation, women with double mutations had a much younger
mean age at breast cancer diagnosis, which is similar to our findings. However, the effect of
gene-gene interactions is not only confined to synergism. It is possible that antagonism may
also exist, as indicated in this study (see Fig 5). Borg et al. [52] identified a family with both
MLH1 and BRCA1mutations, and they found that the double heterozygotes developed breast
cancer but not colorectal or endometrial cancer. These authors proposed that the BRCA1 defi-
ciency had a potential protective effect against carcinogenic events in the colon. Thus, gene-
gene interactions are very complex and require further study.

Pleiotropy occurs when one gene has an effect on multiple phenotypes. Sivakumaran et al.
performed a systematic review and reported pleiotropy is a common property of genes and
SNPs associated with disease traits [53]. Indeed, we observed several incidents where relatives
from the same family developed different cancer types (see Fig 1), suggesting a potential role of
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pleiotropy. Even though it is hard to test for pleiotropy with our limited sample size, it is a cru-
cial component of disease etiology which will need further investigation.

In summary, we identified comprehensive genetic factors for Chinese hereditary breast can-
cer using NGS. Our findings reconfirmed the importance of traditional genetic testing based
on NCCN guidelines because almost all high-penetrance gene mutations were detected in the
families that fulfill the typical phenotypes of hereditary cancer syndromes listed in the NCCN
guidelines. Furthermore, NGS also identified a few gene mutations in the families not fulfill the
NCCN guidelines, as indicated in our study (see Table 2), especially in families carrying muta-
tions in two or more genes, in which a potential gene mutation does not present typical pheno-
types (see Fig 5). So we think NGS may be a supplement of traditional genetic counseling. We
also identified a lot of low-penetrance gene mutations which clinical significance has not been
fully cleared yet, and these findings provide valuable epidemiological information for the future
studies. Large sample sizes and multi-center population should be studied in the future to ob-
tain more comprehensive data. We believe that our extensive findings will be helpful to the de-
velopment of breast cancer genetic counseling in China.

Supporting Information
S1 Table. List of genes tested in this study.
(DOCX)

S2 Table. Genomic information of genes referenced in this study.
(DOCX)

S3 Table. Next generation sequencing metrics and coverage.
(DOCX)

Acknowledgments
We thank all the breast cancer probands and their families who volunteered to participate in
the present study.

Author Contributions
Conceived and designed the experiments: ZH X. Yang. Performed the experiments: X. Yang
MHSWTY XJX YZ XYZ HC YZG YYC X. Yan. Analyzed the data: ZH X. Yang DQL X. Hu
ZGC XJX YZ. Contributed reagents/materials/analysis tools: ZH JW JSL GYL GHD CMC YFH
X. Huang ZBL QXH Z. Shen Z. Shao. Wrote the paper: ZH X. Yang DQL.

References
1. Domchek SM, Friebel TM, Singer CF, Evans DG, Lynch HT, Isaacs C, et al. Association of risk-reduc-

ing surgery in BRCA1 or BRCA2mutation carriers with cancer risk and mortality. JAMA. 2010; 304:
967–975. doi: 10.1001/jama.2010.1237 PMID: 20810374

2. Gonzalez KD, Noltner KA, Buzin CH, Gu D, Wen-Fong CY, Nguyen VQ, et al. Beyond Li Fraumeni Syn-
drome: clinical characteristics of families with p53 germline mutations. J Clin Oncol. 2009; 27: 1250–
1256. doi: 10.1200/JCO.2008.16.6959 PMID: 19204208

3. FitzGerald MG, Marsh DJ, Wahrer D, Bell D, Caron S, Shannon KE, et al. Germline mutations in PTEN
are an infrequent cause of genetic predisposition to breast cancer. Oncogene. 1998; 17: 727–731.
PMID: 9715274

4. Schrader KA, Masciari S, Boyd N, Wiyrick S, Kaurah P, Senz J, et al. Hereditary diffuse gastric cancer:
association with lobular breast cancer. Fam Cancer. 2008; 7: 73–82. PMID: 18046629

5. Walsh T, King MC. Ten genes for inherited breast cancer. Cancer Cell. 2007; 11: 103–105. PMID:
17292821

Genetic Factors of Chinese Hereditary Breast Cancer and NGS

PLOSONE | DOI:10.1371/journal.pone.0125571 April 30, 2015 17 / 20

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0125571.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0125571.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0125571.s003
http://dx.doi.org/10.1001/jama.2010.1237
http://www.ncbi.nlm.nih.gov/pubmed/20810374
http://dx.doi.org/10.1200/JCO.2008.16.6959
http://www.ncbi.nlm.nih.gov/pubmed/19204208
http://www.ncbi.nlm.nih.gov/pubmed/9715274
http://www.ncbi.nlm.nih.gov/pubmed/18046629
http://www.ncbi.nlm.nih.gov/pubmed/17292821


6. Vasen HF, Morreau H, Nortier JW. Is breast cancer part of the tumor spectrum of hereditary nonpolypo-
sis colorectal cancer? Am J HumGenet. 2001; 68: 1533–1535. PMID: 11359214

7. Mouchawar J, Korch C, Byers T, Pitts TM, Li E, McCredie MR, et al. Population-based estimate of the
contribution of TP53 mutations to subgroups of early-onset breast cancer: Australian Breast Cancer
Family Study. Cancer Res. 2010; 70: 4795–4800. doi: 10.1158/0008-5472.CAN-09-0851 PMID:
20501846

8. Hampel H, Frankel WL, Martin E, Arnold M, Khanduja K, Kuebler P, et al. Feasibility of screening for
Lynch syndrome among patients with colorectal cancer. J Clin Oncol. 2008; 26: 5783–5788. doi: 10.
1200/JCO.2008.17.5950 PMID: 18809606

9. Walsh T, Lee MK, Casadei S, Thornton AM, Stray SM, Pennil C, et al. Detection of inherited mutations
for breast and ovarian cancer using genomic capture and massively parallel sequencing. Proc Natl
Acad Sci U S A. 2010; 107: 12629–12633. doi: 10.1073/pnas.1007983107 PMID: 20616022

10. Li H, Durbin R. Fast and accurate short read alignment with Burrows-Wheeler transform. Bioinformat-
ics. 2009; 25: 1754–1760. doi: 10.1093/bioinformatics/btp324 PMID: 19451168

11. Li H, Handsaker B, Wysoker A, Fennell T, Ruan J, Homer N, et al. The Sequence Alignment/Map for-
mat and SAMtools. Bioinformatics. 2009; 25: 2078–2079. doi: 10.1093/bioinformatics/btp352 PMID:
19505943

12. Li R, Li Y, Fang X, Yang H, Wang J, Kristiansen K, et al. SNP detection for massively parallel whole-ge-
nome resequencing. Genome Res. 2009; 19: 1124–1132. doi: 10.1101/gr.088013.108 PMID:
19420381

13. Wang K, Li M, Hakonarson H. ANNOVAR: functional annotation of genetic variants from high-through-
put sequencing data. Nucleic Acids Res. 2010; 38: e164. doi: 10.1093/nar/gkq603 PMID: 20601685

14. McCarthy MI, Abecasis GR, Cardon LR, Goldstein DB, Little J, Ioannidis JP, et al. Genome-wide asso-
ciation studies for complex traits: consensus, uncertainty and challenges. Nat Rev Genet. 2008; 9:
356–369. doi: 10.1038/nrg2344 PMID: 18398418

15. Ng PC, Henikoff S. SIFT: Predicting amino acid changes that affect protein function. Nucleic Acids Res.
2003; 31: 3812–3814. PMID: 12824425

16. Adzhubei IA, Schmidt S, Peshkin L, Ramensky VE, Gerasimova A, Bork P, et al. A method and server
for predicting damaging missense mutations. Nat Methods. 2010; 7: 248–249. doi: 10.1038/
nmeth0410-248 PMID: 20354512

17. Pollard KS, Hubisz MJ, Rosenbloom KR, Siepel A. Detection of nonneutral substitution rates on mam-
malian phylogenies. Genome Res. 2010; 20: 110–121. doi: 10.1101/gr.097857.109 PMID: 19858363

18. Huelsenbeck JP, Rannala B. Phylogenetic methods come of age: testing hypotheses in an evolutionary
context. Science. 1997; 276: 227–232. PMID: 9092465

19. Haugen AC, Goel A, Yamada K, Marra G, Nguyen TP, Nagasaka T, et al. Genetic instability caused by
loss of MutS homologue 3 in human colorectal cancer. Cancer Res. 2008; 68: 8465–8472. doi: 10.
1158/0008-5472.CAN-08-0002 PMID: 18922920

20. Petitjean A, Mathe E, Kato S, Ishioka C, Tavtigian SV, Hainaut P, et al. Impact of mutant p53 functional
properties on TP53 mutation patterns and tumor phenotype: lessons from recent developments in the
IARC TP53 database. HumMutat. 2007; 28: 622–629. PMID: 17311302

21. D'Andrea AD. Susceptibility pathways in Fanconi's anemia and breast cancer. N Engl J Med. 2010;
362: 1909–1919. doi: 10.1056/NEJMra0809889 PMID: 20484397

22. Wiechec E, Wiuf C, Overgaard J, Hansen LL. High-resolution melting analysis for mutation screening
of RGSL1, RGS16, and RGS8 in breast cancer. Cancer Epidemiol Biomarkers Prev. 2011; 20: 397–
407. doi: 10.1158/1055-9965.EPI-10-0514 PMID: 21135262

23. Debniak T, Gorski B, Huzarski T, Byrski T, Cybulski C, Mackiewicz A, et al. A common variant of
CDKN2A (p16) predisposes to breast cancer. J Med Genet. 2005; 42: 763–765. PMID: 15879498

24. Hucl T, Jesnowski R, Pfutzer RH, Elsasser HP, Lohr M. SPINK1 variants in young-onset pancreatic
cancer. J Gastroenterol. 2007; 42: 599. PMID: 17653660

25. Cunningham-Rundles C, Bodian C. Common variable immunodeficiency: clinical and immunological
features of 248 patients. Clin Immunol. 1999; 92: 34–48. PMID: 10413651

26. Sahlin P, Tarnow P, Martinsson T, Stenman G. Germline mutation in the FGFR3 gene in a TWIST1-
negative family with Saethre-Chotzen syndrome and breast cancer. Genes Chromosomes Cancer.
2009; 48: 285–288. doi: 10.1002/gcc.20637 PMID: 19025794

27. Wang Z, Xu Y, Tang J, Ma H, Qin J, Lu C, et al. A polymorphism in Werner syndrome gene is associat-
ed with breast cancer susceptibility in Chinese women. Breast Cancer Res Treat. 2009; 118: 169–175.
doi: 10.1007/s10549-009-0327-z PMID: 19205873

Genetic Factors of Chinese Hereditary Breast Cancer and NGS

PLOSONE | DOI:10.1371/journal.pone.0125571 April 30, 2015 18 / 20

http://www.ncbi.nlm.nih.gov/pubmed/11359214
http://dx.doi.org/10.1158/0008-5472.CAN-09-0851
http://www.ncbi.nlm.nih.gov/pubmed/20501846
http://dx.doi.org/10.1200/JCO.2008.17.5950
http://dx.doi.org/10.1200/JCO.2008.17.5950
http://www.ncbi.nlm.nih.gov/pubmed/18809606
http://dx.doi.org/10.1073/pnas.1007983107
http://www.ncbi.nlm.nih.gov/pubmed/20616022
http://dx.doi.org/10.1093/bioinformatics/btp324
http://www.ncbi.nlm.nih.gov/pubmed/19451168
http://dx.doi.org/10.1093/bioinformatics/btp352
http://www.ncbi.nlm.nih.gov/pubmed/19505943
http://dx.doi.org/10.1101/gr.088013.108
http://www.ncbi.nlm.nih.gov/pubmed/19420381
http://dx.doi.org/10.1093/nar/gkq603
http://www.ncbi.nlm.nih.gov/pubmed/20601685
http://dx.doi.org/10.1038/nrg2344
http://www.ncbi.nlm.nih.gov/pubmed/18398418
http://www.ncbi.nlm.nih.gov/pubmed/12824425
http://dx.doi.org/10.1038/nmeth0410-248
http://dx.doi.org/10.1038/nmeth0410-248
http://www.ncbi.nlm.nih.gov/pubmed/20354512
http://dx.doi.org/10.1101/gr.097857.109
http://www.ncbi.nlm.nih.gov/pubmed/19858363
http://www.ncbi.nlm.nih.gov/pubmed/9092465
http://dx.doi.org/10.1158/0008-5472.CAN-08-0002
http://dx.doi.org/10.1158/0008-5472.CAN-08-0002
http://www.ncbi.nlm.nih.gov/pubmed/18922920
http://www.ncbi.nlm.nih.gov/pubmed/17311302
http://dx.doi.org/10.1056/NEJMra0809889
http://www.ncbi.nlm.nih.gov/pubmed/20484397
http://dx.doi.org/10.1158/1055-9965.EPI-10-0514
http://www.ncbi.nlm.nih.gov/pubmed/21135262
http://www.ncbi.nlm.nih.gov/pubmed/15879498
http://www.ncbi.nlm.nih.gov/pubmed/17653660
http://www.ncbi.nlm.nih.gov/pubmed/10413651
http://dx.doi.org/10.1002/gcc.20637
http://www.ncbi.nlm.nih.gov/pubmed/19025794
http://dx.doi.org/10.1007/s10549-009-0327-z
http://www.ncbi.nlm.nih.gov/pubmed/19205873


28. Nielsen M, Franken PF, Reinards TH, Weiss MM, Waqner A, van der Klift H, et al. Multiplicity in polyp
count and extracolonic manifestations in 40 Dutch patients with MYH associated polyposis coli (MAP).
J Med Genet. 2005; 42: e54. PMID: 16140997

29. Hopper JL, Hayes VM, Spurdle AB, Chenevix-Trench G, Jenkins MA, Milne RL, et al. A protein-truncat-
ing mutation in CYP17A1 in three sisters with early-onset breast cancer. HumMutat. 2005; 26: 298–
302. PMID: 16121340

30. Berg AO, Armstrong K, Botkin J, Calonge N, Haddow J, Hayes M, et al. Recommendations from the
EGAPPWorking Group: genetic testing strategies in newly diagnosed individuals with colorectal can-
cer aimed at reducing morbidity and mortality from Lynch syndrome in relatives. Genet Med. 2009; 11:
35–41. doi: 10.1097/GIM.0b013e31818fa2ff PMID: 19125126

31. Kwong A, Ng EK, Wong CL, Law FB, Au T, Wong HN, et al. Identification of BRCA1/2 founder muta-
tions in Southern Chinese breast cancer patients using gene sequencing and high resolution DNAmelt-
ing analysis. PLoS One. 2012; 7: e43994. doi: 10.1371/journal.pone.0043994 PMID: 22970155

32. Zhang J, Pei R, Pang Z, Ouyang T, Li J, Wang T, et al. Prevalence and characterization of BRCA1 and
BRCA2 germline mutations in Chinese women with familial breast cancer. Breast Cancer Res Treat.
2012; 132: 421–428. doi: 10.1007/s10549-011-1596-x PMID: 21614564

33. Li WF, Hu Z, Rao NY, Song CG, Zhang B, Cao MZ, et al. The prevalence of BRCA1 and BRCA2 germ-
line mutations in high-risk breast cancer patients of Chinese Han nationality: two recurrent mutations
were identified. Breast Cancer Res Treat. 2008; 110: 99–109. PMID: 17851763

34. Chompret A, Abel A, Stoppa-Lyonnet D, Brugieres L, Pages S, Feunteun J, et al. Sensitivity and predic-
tive value of criteria for p53 germline mutation screening. J Med Genet. 2011; 38: 43–47.

35. Eng C, Hampel H, de la Chapelle A. Genetic testing for cancer predisposition. Annu Rev Med. 2 52:
371–400.

36. Ruijs MW, Verhoef S, Rookus MA, Pruntel R, van der Hout AH, Hogervorst FB, et al. TP53 germline
mutation testing in 180 families suspected of Li-Fraumeni syndrome: mutation detection rate and rela-
tive frequency of cancers in different familial phenotypes. J Med Genet. 47: 421–428. doi: 10.1136/
jmg.2009.073429 PMID: 20522432

37. McCuaig JM, Armel SR, Novokmet A, Ginsburg OM, Demsky R, Narod SA, et al. Routine TP53 testing
for breast cancer under age 30: ready for prime time? Fam Cancer. 2012; 11: 607–613. doi: 10.1007/
s10689-012-9557-z PMID: 22851211

38. Lee DS, Yoon SY, Looi LM, Kang P, Kang IN, Sivanandan K, et al. Comparable frequency of BRCA1,
BRCA2 and TP53 germline mutations in a multi-ethnic Asian cohort suggests TP53 screening should
be offered together with BRCA1/2 screening to early-onset breast cancer patients. Breast Cancer Res.
2012; 14: R66. PMID: 22507745

39. Birch JM, Alston RD, McNally RJ, Evans DG, Kelsey AM, Harris M, et al. Relative frequency and mor-
phology of cancers in carriers of germline TP53 mutations. Oncogene. 2001; 20: 4621–4628. PMID:
11498785

40. Pan M, Cong P, Wang Y, Lin C, Yuan Y, Dong J, et al. Novel LOVD databases for hereditary breast
cancer and colorectal cancer genes in the Chinese population. HumMutat. 2011; 32: 1335–1340. doi:
10.1002/humu.21588 PMID: 21901790

41. Wu Y, Berends MJ, Sijmons RH, Mensink RG, Verlind E, Kooi KA, et al. A role for MLH3 in hereditary
nonpolyposis colorectal cancer. Nat Genet. 2001; 29: 137–138. PMID: 11586295

42. Arai H, Okudela K, Oshiro H, Komitsu N, Mitsui H, Nishii T, et al. Elevated microsatellite alterations at
selected tetra-nucleotide (EMAST) in non-small cell lung cancers—a potential determinant of suscepti-
bility to multiple malignancies. Int J Clin Exp Pathol. 2013; 6: 395–410. PMID: 23412080

43. Pinol V, Castells A, Andreu M, Castellvi-Bel S, Alenda C, Llor X, et al. Accuracy of revised Bethesda
guidelines, microsatellite instability, and immunohistochemistry for the identification of patients with he-
reditary nonpolyposis colorectal cancer. JAMA. 2005; 293: 1986–1994. PMID: 15855432

44. EdelmannW, Umar A, Yang K, Heyer J, Kucherlapati M, Lia M, et al. The DNAmismatch repair genes
Msh3 and Msh6 cooperate in intestinal tumor suppression. Cancer Res. 2000; 60: 803–807. PMID:
10706084

45. Perez-Carbonell L, Ruiz-Ponte C, Guarinos C, Alenda C, Paya A, Brea A, et al. Comparison between
universal molecular screening for Lynch syndrome and revised Bethesda guidelines in a large popula-
tion-based cohort of patients with colorectal cancer. Gut. 2012; 61: 865–872. doi: 10.1136/gutjnl-2011-
300041 PMID: 21868491

46. Umar A, Boland CR, Terdiman JP, Syngal S, de la Chapelle A, Ruschoff J, et al. Revised Bethesda
Guidelines for hereditary nonpolyposis colorectal cancer (Lynch syndrome) and microsatellite instabili-
ty. J Natl Cancer Inst. 2004; 96: 261–268. PMID: 14970275

Genetic Factors of Chinese Hereditary Breast Cancer and NGS

PLOSONE | DOI:10.1371/journal.pone.0125571 April 30, 2015 19 / 20

http://www.ncbi.nlm.nih.gov/pubmed/16140997
http://www.ncbi.nlm.nih.gov/pubmed/16121340
http://dx.doi.org/10.1097/GIM.0b013e31818fa2ff
http://www.ncbi.nlm.nih.gov/pubmed/19125126
http://dx.doi.org/10.1371/journal.pone.0043994
http://www.ncbi.nlm.nih.gov/pubmed/22970155
http://dx.doi.org/10.1007/s10549-011-1596-x
http://www.ncbi.nlm.nih.gov/pubmed/21614564
http://www.ncbi.nlm.nih.gov/pubmed/17851763
http://dx.doi.org/10.1136/jmg.2009.073429
http://dx.doi.org/10.1136/jmg.2009.073429
http://www.ncbi.nlm.nih.gov/pubmed/20522432
http://dx.doi.org/10.1007/s10689-012-9557-z
http://dx.doi.org/10.1007/s10689-012-9557-z
http://www.ncbi.nlm.nih.gov/pubmed/22851211
http://www.ncbi.nlm.nih.gov/pubmed/22507745
http://www.ncbi.nlm.nih.gov/pubmed/11498785
http://dx.doi.org/10.1002/humu.21588
http://www.ncbi.nlm.nih.gov/pubmed/21901790
http://www.ncbi.nlm.nih.gov/pubmed/11586295
http://www.ncbi.nlm.nih.gov/pubmed/23412080
http://www.ncbi.nlm.nih.gov/pubmed/15855432
http://www.ncbi.nlm.nih.gov/pubmed/10706084
http://dx.doi.org/10.1136/gutjnl-2011-300041
http://dx.doi.org/10.1136/gutjnl-2011-300041
http://www.ncbi.nlm.nih.gov/pubmed/21868491
http://www.ncbi.nlm.nih.gov/pubmed/14970275


47. Li X, Gao Y, Pan Y, Pan Y, Wang L, Xiao N, et al. Mutation screen and RNA analysis disclose the
changed splicing of the E-cadherin transcription in gastric cancer. Fam Cancer. 2013; 12: 547–554.
doi: 10.1007/s10689-013-9619-x PMID: 23435907

48. Zhu ZG, Yu YY, Zhang Y, Ji J, Zhang J, Liu BY, et al. Germline mutational analysis of CDH1 and patho-
logic features in familial cancer syndrome with diffuse gastric cancer/breast cancer proband in a Chi-
nese family. Eur J Surg Oncol. 2004; 30:531–535. PMID: 15135482

49. Stratton MR, Rahman N. The emerging landscape of breast cancer susceptibility. Nat Genet. 2008;
40:17–22. PMID: 18163131

50. Thompson ER, Doyle MA, Ryland GL, Rowley SM, Choong DY, Tothill RW, et al. Exome sequencing
identifies rare deleterious mutations in DNA repair genes FANCC and BLM as potential breast cancer
susceptibility alleles. PLoS Genet. 2012; 8: e1002894. doi: 10.1371/journal.pgen.1002894 PMID:
23028338

51. Lavie O, Narod S, Lejbkowicz F, Dishon S, Goldberg Y, Gemer O, et al. Double heterozygosity in the
BRCA1 and BRCA2 genes in the Jewish population. Ann Oncol. 2011; 22: 964–966. doi: 10.1093/
annonc/mdq460 PMID: 20924075

52. Borg A, Isola J, Chen J, Rubio C, Johansson U, Werelius B, et al. Germline BRCA1 and HMLH1muta-
tions in a family with male and female breast carcinoma. Int J Cancer. 2000; 85: 796–800. PMID:
10709098

53. Sivakumaran S, Agakov F, Theodoratou E, Prendergast JG, Zgaga L, Manolio T, et al. Abundant pleiot-
ropy in human complex diseases and traits. Am J HumGenet. 2011; 89: 607–618. doi: 10.1016/j.ajhg.
2011.10.004 PMID: 22077970

54. Li SS, Tseng HM, Yang TP, Liu CH, Teng SJ, Huang HW, et al. Molecular characterization of germline
mutations in the BRCA1 and BRCA2 genes from breast cancer families in Taiwan. HumGenet. 1999;
104: 201–204. PMID: 10323242

55. Cai Q, Sun MH, Fu G, Ding CW, Mo SJ, Cai SJ, et al. Mutation analysis of hMSH2 and hMLH1 genes in
Chinese hereditary nonpolyposis colorectal cancer families. Zhonghua Bing Li Xue Za Zhi. 2003; 32:
323–328. PMID: 14514376

56. Cao AY, Huang J, Hu Z, Li WF, Ma ZL, Tang LL, et al. The prevalence of PALB2 germline mutations in
BRCA1/BRCA2 negative Chinese women with early onset breast cancer or affected relatives. Breast
Cancer Res Treat. 2009; 114: 457–462. doi: 10.1007/s10549-008-0036-z PMID: 18446436

57. Tao H, Shinmura K, Hanaoka T, Natsukawa S, Shaura K, Koizumi Y, et al. A novel splice-site variant of
the base excision repair gene MYH is associated with production of an aberrant mRNA transcript en-
coding a truncated MYH protein not localized in the nucleus. Carcinogenesis. 2004; 25: 1859–1866.
PMID: 15180946

58. Witt H, LuckW, Hennies HC, Classen M, Kage A, Lass U, et al. Mutations in the gene encoding the ser-
ine protease inhibitor, Kazal type 1 are associated with chronic pancreatitis. Nat Genet. 2000; 25: 213–
216. PMID: 10835640

Genetic Factors of Chinese Hereditary Breast Cancer and NGS

PLOSONE | DOI:10.1371/journal.pone.0125571 April 30, 2015 20 / 20

http://dx.doi.org/10.1007/s10689-013-9619-x
http://www.ncbi.nlm.nih.gov/pubmed/23435907
http://www.ncbi.nlm.nih.gov/pubmed/15135482
http://www.ncbi.nlm.nih.gov/pubmed/18163131
http://dx.doi.org/10.1371/journal.pgen.1002894
http://www.ncbi.nlm.nih.gov/pubmed/23028338
http://dx.doi.org/10.1093/annonc/mdq460
http://dx.doi.org/10.1093/annonc/mdq460
http://www.ncbi.nlm.nih.gov/pubmed/20924075
http://www.ncbi.nlm.nih.gov/pubmed/10709098
http://dx.doi.org/10.1016/j.ajhg.2011.10.004
http://dx.doi.org/10.1016/j.ajhg.2011.10.004
http://www.ncbi.nlm.nih.gov/pubmed/22077970
http://www.ncbi.nlm.nih.gov/pubmed/10323242
http://www.ncbi.nlm.nih.gov/pubmed/14514376
http://dx.doi.org/10.1007/s10549-008-0036-z
http://www.ncbi.nlm.nih.gov/pubmed/18446436
http://www.ncbi.nlm.nih.gov/pubmed/15180946
http://www.ncbi.nlm.nih.gov/pubmed/10835640


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


